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(OHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQWKURXJKJUDSKHQHR[LGHPHPEUDQHV
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
1DWLRQDO*UDSKHQH,QVWLWXWH8QLYHUVLW\RI0DQFKHVWHU0DQFKHVWHU03/8.
6FKRRORI&KHPLFDO(QJLQHHULQJDQG$QDO\WLFDO6FLHQFH8QLYHUVLW\RI0DQFKHVWHU
0DQFKHVWHU03/8.
'HSDUWPHQWRI3K\VLFV6KDKLG5DMDHH7HDFKHU7UDLQLQJ8QLYHUVLW\/DYL]DQ
7HKUDQ,UDQ
'HSDUWPHQWRI3K\VLFV8QLYHUVLW\RI$QWZHUSHQ*URHQHQERUJHUODDQ%$QWZHUSHQ
%HOJLXP
'HSDUWPHQWRI3K\VLFV8QLYHUVLW\RI<RUN<RUN<2''8.
6FKRRORI3K\VLFVDQG$VWURQRP\8QLYHUVLW\RI0DQFKHVWHU0DQFKHVWHU03/8.
NDLJH]KRX#PDQFKHVWHUDFXNYDVXVLGGHVZDUDNDODQJL#PDQFKHVWHUDFXN
UDKXO#PDQFKHVWHUDFXN

'HYHORSLQJ µVPDUW¶ PHPEUDQHV WKDW DOORZ SUHFLVH DQG UHYHUVLEOH FRQWURO RI PROHFXODU
SHUPHDWLRQXVLQJH[WHUQDOVWLPXOLZRXOGEHRI LQWHQVH LQWHUHVW IRUPDQ\DUHDVRIVFLHQFH
IURP SK\VLFV DQG FKHPLVWU\ WR OLIHVFLHQFHV ,Q SDUWLFXODU HOHFWULFDO FRQWURO RI ZDWHU
SHUPHDWLRQWKURXJKPHPEUDQHVLVDORQJVRXJKWREMHFWLYHDQGLVRIFUXFLDOLPSRUWDQFHIRU
KHDOWKFDUH DQG UHODWHG DUHDV &XUUHQWO\ VXFK DGMXVWDEOH PHPEUDQHV DUH OLPLWHG WR WKH
PRGXODWLRQ RI ZHWWLQJ RI WKH PHPEUDQHV DQG FRQWUROOHG LRQ WUDQVSRUW EXW QRW WKH
FRQWUROOHGPDVVIORZRIZDWHU'HVSLWHLQWHQVLYHWKHRUHWLFDOZRUN\LHOGLQJFRQIOLFWLQJ
UHVXOWVWKHH[SHULPHQWDOUHDOLVDWLRQRIHOHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQKDVQRW\HW
EHHQDFKLHYHG+HUHZHUHSRUWHOHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQWKURXJKPLFURPHWUH
WKLFN JUDSKHQH R[LGH *2 PHPEUDQHV %\ FRQWUROODEOH HOHFWULF EUHDNGRZQ²FRQGXFWLYH
ILODPHQWVDUHFUHDWHG LQ WKH*2PHPEUDQH 7KHHOHFWULF ILHOGFRQFHQWUDWHGDURXQGVXFK
FXUUHQWFDUU\LQJILODPHQWVOHDGVWRFRQWUROODEOHLRQLVDWLRQRIZDWHUPROHFXOHVLQJUDSKHQH
FDSLOODULHV DOORZLQJ SUHFLVH FRQWURO RI ZDWHU SHUPHDWLRQ IURP XOWUDIDVW SHUPHDWLRQ WR
FRPSOHWH EORFNLQJ 2XU ZRUN RSHQV XS DQ DYHQXH IRU GHYHORSLQJ VPDUW PHPEUDQH
WHFKQRORJLHVDQGFDQUHYROXWLRQL]HWKHILHOGRIDUWLILFLDOELRORJLFDOV\VWHPVWLVVXHHQJLQHHULQJ
DQGILOWUDWLRQ


&RQWUROOHGWUDQVSRUWDWLRQRIZDWHUPROHFXOHVWKURXJKPHPEUDQHVDQGFDSLOODULHVLVDXELTXLWRXV
QDWXUDOSKHQRPHQRQWKDWLVDEVROXWHO\YLWDOWRDOONLQGVRIOLYLQJRUJDQLVPV7KXVDQDELOLW\
WRFUHDWHQDQRVWUXFWXUHGPHPEUDQHVZKHUHZDWHUWUDQVSRUWLVFRQWUROOHGE\DQH[WHUQDOSDUDPHWHU
LVRIFUXFLDOLPSRUWDQFHIRUOLIHVFLHQFHDQGKHDOWKFDUH6XFKPHPEUDQHVZRXOGDOORZFUHDWLRQRI
DUWLILFLDOELRORJLFDOPHPEUDQHVDQGJLYHDVLJQLILFDQWERRVWWRUHVHDUFKLQWLVVXHHQJLQHHULQJ2I
SDUWLFXODULQWHUHVWDUHPHPEUDQHVZKHUHZDWHUSHUPHDWLRQFRXOGEHFRQWUROOHGE\DQHOHFWULFILHOG
DOORZLQJ IDVW DQG UHOLDEOH UHVSRQVH DQG HDV\ LQWHJUDWLRQ LQWR PRUH FRPSOH[ V\VWHPV 3UHYLRXV
DWWHPSWVWRFRQWUROZDWHUSHUPHDWLRQWKURXJKPHPEUDQHVPDLQO\SRO\PHULFZHUHFRQFHQWUDWHG
RQPRGXODWLQJWKHPHPEUDQHVWUXFWXUHDQGSK\VLFRFKHPLFDOSURSHUWLHVRIWKHPHPEUDQHVXUIDFH
E\ YDU\LQJ WKH S+ WHPSHUDWXUH DQG LRQLF VWUHQJWK )XUWKHU HOHFWULFDOO\ FRQWUROOHG ZDWHU
SHUPHDWLRQKDVEHHQGLVFXVVHGLQQXPHURXVWKHRUHWLFDODQGPROHFXODUG\QDPLF0'VLPXODWLRQ
VWXGLHV ZKLFK KRZHYHU RIWHQ \LHOG FRQIOLFWLQJ UHVXOWV UDQJLQJ IURP IUHH]LQJ RI ZDWHU
PROHFXOHVWRPHOWLQJRILFHXQGHUDQHOHFWULFILHOG
7KHODWHVWDGYDQFHVLQWKHIDEULFDWLRQRIDUWLILFLDOFKDQQHOVDQGPHPEUDQHVXVLQJWZRGLPHQVLRQDO
'PDWHULDOVKDYHOHGWRWKHLQWHQVLYHVWXG\RIQDQRVFDOHDQGVXEQPVFDOHZDWHUDQGLRQ
WUDQVSRUW ,Q SDUWLFXODU *2 PHPEUDQHV FRQWDLQLQJ ' JUDSKHQH FDSLOODULHV H[KLELW XOWUDIDVW
SHUPHDWLRQRIZDWHUDQGXQLTXHPROHFXODUVLHYLQJSURSHUWLHVZLWKWKHSRWHQWLDOIRULQGXVWULDO
VFDOH SURGXFWLRQ ,Q WKLV UHSRUW ZH VWXG\ HOHFWULFDO HIIHFWV RQ ZDWHU SHUPHDWLRQ WKURXJK *2
PHPEUDQHVDQGGHPRQVWUDWHWKDWZDWHUIOX[WKURXJKVXFKPHPEUDQHVFDQEHFRQWUROOHGRYHUD
ZLGHUDQJHE\DQDSSOLHGHOHFWULFILHOG
2XU GHYLFHV DUH HVVHQWLDOO\ *2 PHPEUDQHV ZLWK PHWDO HOHFWURGHV RQ ERWK VLGHV 6XFK
PHWDO*2PHWDOVDQGZLFKVWUXFWXUHVZHUHIDEULFDWHGE\GHSRVLWLQJDWKLQ§QPJROG$XILOP
RQ WRS RI WKH *2 PHPEUDQH SUHSDUHG RQ D SRURXV VLOYHU $J VXEVWUDWH 0HWKRGV DQG
VXSSOHPHQWDU\)LJDQG6XFKDWKLQOD\HURIJROGLVVXIILFLHQWO\SRURXVDQGGRHVQRWFKDQJH
WKH SHUPHDWLRQ SURSHUWLHV RI WKH PHPEUDQHV )LJXUHV D E VKRZ D VFKHPDWLF DQG DQ RSWLFDO
SKRWRJUDSKRIRXUPHPEUDQHGHYLFH7KHVHVDQGZLFKVWUXFWXUHVZHUHJOXHGRQWRDSODVWLFGLVF
ZLWKDFLUFXODUDSHUWXUHaPPGLDPHWHUDQGWKHQXVHGWRVHDODZDWHUILOOHGVWHHOFRQWDLQHUWR
H[SRVH WKH GHYLFH WR ZDWHU YDSRXU DQG DOORZ WKH PHDVXUHPHQW RI ZDWHU SHUPHDWLRQ XVLQJ
JUDYLPHWULFDQDO\VLV$'&ELDVYROWDJHZDVDSSOLHGDFURVVWKHPHPEUDQHXVLQJD.HLWKOH\
VRXUFHPHWHU)LJDZLWKWKHFXUUHQWFRPSOLDQFHP$IRUWKHVDPSOHLQ)LJVHWWR
SUHYHQWXQFRQWUROODEOHEUHDNGRZQ
,QRUGHUWRLQFUHDVHWKHHOHFWULFILHOGDSSOLHGXSWRWKHYDOXHVVXIILFLHQWIRUZDWHUGLVVRFLDWLRQWKLQ
FRQGXFWLYHILODPHQWVZHUHLQWURGXFHGLQRXUPHPEUDQHVE\FRQWUROODEOHHOHFWULFEUHDNGRZQ,WLV
NQRZQ WKDW LQ WKH SUHVHQFH RI PRLVWXUH WKH IRUPDWLRQ RI SHUPDQHQW FRQGXFWLQJ SDWKV RIWHQ
FDUERQDFURVVWKHVXUIDFHRIWKHLQVXODWRURFFXUVZKHQDODUJHHOHFWULFILHOGLVDSSOLHG:HXVHG
WKLVSKHQRPHQRQIRUWKHIRUPDWLRQRIFRQGXFWLQJILODPHQWVLQVLGH*2PHPEUDQHVVXSSOHPHQWDU\
VHFWLRQDQGVXSSOHPHQWDU\)LJV)LJEVKRZVWKHIVFKDUDFWHULVWLFVRIWKHGHYLFHGXULQJ
WKH ILODPHQW IRUPDWLRQ 8S WR D FULWLFDO YROWDJH Vc WKH FXUUHQW GRHV QRW FKDQJH DSSUHFLDEO\
+RZHYHUDWVFa9IRUWKHVDPSOHLQ)LJDQGYDULHVE\IURPVDPSOHWRVDPSOHIRXU
VDPSOHVZHUHVWXGLHGDSDUWLDOHOHFWULFDOEUHDNGRZQRFFXUUHGHYLGHQWWKURXJKDVXGGHQFXUUHQW
LQFUHDVHXSWRWKHFRPSOLDQFHOHYHO7KLVEUHDNGRZQVWDWHLVVWDEOHDQGLVFKDUDFWHULVHGE\ORZ
WUDQVYHUVDOUHVLVWDQFH



)LJXUH_(OHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQWKURXJKDJUDSKHQHR[LGHPHPEUDQHD6FKHPDWLFVKRZLQJ
D*2PHPEUDQHGHSRVLWHGRQDSRURXVVLOYHUVXEVWUDWHZLWKYROWDJHDSSOLHG7KHWRS\HOORZOD\HUUHSUHVHQWVDSRURXV
JROGHOHFWURGHWKHEOXHOD\HULVDSODVWLFPDVNXVHGWRDYRLGHOHFWULFVKRUWLQJEHWZHHQJROGDQGVLOYHUHOHFWURGHVDQG
WKH EURZQ OD\HUV UHSUHVHQW *2 VKHHWV 7KH GRWWHG OLQH VKRZV D SRVVLEOH SDWKZD\ IRU ZDWHU SHUPHDWLRQ  E IV
FKDUDFWHULVWLFV GXULQJ WKH ILUVW YROWDJH VZHHS VKRZLQJ D VXGGHQ LQFUHDVH LQ FXUUHQW VXJJHVWLQJ SDUWLDO HOHFWULFDO
EUHDNGRZQRIWKH*2PHPEUDQHDQGFRQGXFWLQJILODPHQWIRUPDWLRQ7KHVROLGOLQHLVDJXLGHWRWKHH\HDQGDUURZV
LQGLFDWHWKHGLUHFWLRQRIWKHYROWDJHVZHHS,QVHW3KRWRJUDSKRID*2PHPEUDQHVKRZLQJWKHFHQWUDOVDQGZLFKHG
$X*2$JUHJLRQWKH*2RQVXSSRUWLQJVLOYHUDQGWKHEDUHVLOYHUVXEVWUDWH7KHSODVWLFPDVNRXWVLGHWKHJROGOD\HU
LVUHPRYHGIRUFODULW\7KHRXWHUDUHDRIWKHFHQWUDOVDQGZLFKHGUHJLRQZDVPDVNHGWREORFNZDWHUSHUPHDWLRQWKURXJK
WKLVUHJLRQVXSSOHPHQWDU\)LJDQG6FDOHEDUPPF7RSRJUDSK\DQGWKHFRUUHVSRQGLQJ3)781$FXUUHQW
LPDJHGRIDFRQGXFWLQJ*2PHPEUDQHH[IROLDWHGRQDJROGWKLQILOPFRDWHG6LVXEVWUDWH7KHFRQGXFWLQJILODPHQWV
VL]HUDQJLQJIURPWRQPIRUPHGLQWKH*2PHPEUDQHDUHPDUNHGE\UHGFLUFOHV6FDOHEDUVPH:HLJKW
ORVVIRUDZDWHUILOOHGFRQWDLQHUVHDOHGZLWKDPWKLFN*2PHPEUDQHPPGLDPHWHUDWGLIIHUHQWYROWDJHVDSSOLHG
DFURVVWKHPHPEUDQHGXULQJWKHILODPHQWIRUPDWLRQSURFHVV,QVHW:DWHUSHUPHDWLRQWKURXJKWKH*2PHPEUDQHDVD
IXQFWLRQRIDSSOLHGYROWDJH$UURZVLQGLFDWHWKHGLUHFWLRQRIYROWDJHVZHHSI9DULDWLRQRIZDWHUSHUPHDWLRQUDWHDV
DIXQFWLRQRIWKHFXUUHQWDFURVVWKH*2PHPEUDQHDIWHUWKHPHPEUDQHEHFDPHHOHFWULFDOO\FRQGXFWLQJGXHWRILODPHQW
IRUPDWLRQDQGWKHFRUUHVSRQGLQJIVFKDUDFWHULVWLFVFRORUFRGHGD[LV2QHFRPSOHWHYROWDJHVZHHSIRUERWKSRVLWLYH
DQGQHJDWLYHSRODULW\LVSORWWHG,QVHW&RQWLQXRXVVZLWFKLQJEHWZHHQDQG9VKRZLQJWKHVWDELOLW\RISHUPHDWLRQ
FRQWURO$OOZHLJKWORVVPHDVXUHPHQWVZHUHSHUIRUPHGLQVLGHDGU\FKDPEHUZLWKUHODWLYHKXPLGLW\
$IWHU WKH FRQWUROODEOH EUHDNGRZQ WKH IV FKDUDFWHULVWLFV H[KLELW QHDUO\ RKPLF EHKDYLRXU DQG
VXJJHVWWKHDSSHDUDQFHRISHUPDQHQWHOHFWULFDOO\FRQGXFWLYHFKDQQHOV)LJE+RZHYHUWKHLQ
SODQHIVPHDVXUHPHQWVGRQRWVKRZDQ\VLJQLILFDQWFKDQJHLQFRQGXFWLYLW\ZKHQFRPSDUHGWRWKH
SULVWLQH VDPSOHV VXSSOHPHQWDU\ )LJ  8QOLNH LQSODQH FRQGXFWLYLW\ WKH RXWRISODQH


FRQGXFWLYLW\ ZDV IRXQG WR EH VWDEOH DQG LQVHQVLWLYH WR WKH KXPLGLW\ RI WKH HQYLURQPHQW
VXSSOHPHQWDU\ )LJ  7KLV FRQILUPV WKH IRUPDWLRQ RI FRQGXFWLQJ ILODPHQWV HJ FDUERQ
ILODPHQWV EHWZHHQ WKH HOHFWURGHV RXWRISODQH WKDW DUH QRW FRQQHFWHG LQ WKH SODQH RI WKH
PHPEUDQH7RFKDUDFWHULVHWKHILODPHQWVLQWKH*2PHPEUDQHZHSHUIRUPHGSHDNIRUFHWXQQHOOLQJ
$)03)781$DQG5DPDQVSHFWURVFRS\VXSSOHPHQWDU\VHFWLRQDQGVXSSOHPHQWDU\)LJ
DQG)LJGVKRZVRQHRIWKH3)781$FXUUHQWLPDJHVGLVSOD\LQJWKHSUHVHQFHRIFRQGXFWLYH
ILODPHQWVRIGLDPHWHUQP7KHHVWLPDWHGILODPHQWGHQVLW\IURPWKH3)781$DQG5DPDQLV
aSHUFP VXSSOHPHQWDU\VHFWLRQ1RWHWKDWQRVLJQLILFDQWFKDQJHVZHUHREVHUYHGLQWKH
FKHPLFDOVWRLFKLRPHWU\RIWKH*2PHPEUDQHDVPHDVXUHGE\;UD\SKRWRHOHFWURQVSHFWURVFRS\
;36H[FHSWIRUDVPDOOLQFUHDVHLQWKH&2UDWLRWRRQWKHPHPEUDQHVXUIDFHFORVHVW
WRWKHSRVLWLYHHOHFWURGH7KH&2UDWLRUHPDLQVWKHVDPHDVIRUWKHSULVWLQHVDPSOHIRUDOORWKHU
PHPEUDQHVXUIDFHVSUREHGVXSSOHPHQWDU\VHFWLRQDQGVXSSOHPHQWDU\)LJ 
7RSUREHWKHLQIOXHQFHRIHOHFWULFILHOGRQWKHZDWHUSHUPHDWLRQWKURXJKWKHSULVWLQH*2PHPEUDQH
ZHKDYHPRQLWRUHGLWGXULQJWKHILODPHQWIRUPDWLRQSURFHVV7KHDSSOLHGYROWDJHZDVLQFUHDVHG
VWHSZLVHWRHQDEOHERWKFXUUHQWDQGZDWHUSHUPHDWLRQWREHPRQLWRUHGDVDIXQFWLRQRIWLPH$W
HDFKYROWDJHVWHSPHDVXUHPHQWVZHUHFDUULHGRXWIRUDPLQLPXPSHULRGRIIRXUKRXUV)LJH
VKRZVWKHZHLJKWORVVRIWKHVHDOHGFRQWDLQHUDQGWKHFRUUHVSRQGLQJZDWHUSHUPHDWLRQUDWHGXULQJ
WKHILODPHQWIRUPDWLRQSURFHVV1RDSSUHFLDEOHFKDQJHLQZDWHUSHUPHDWLRQZDVIRXQGXSWRVc 
)LJH$WVFDVXGGHQGHFUHDVHWLPHVLQZDWHUSHUPHDWLRQZDVREVHUYHGDIWHUWKHSDUWLDO
EUHDNGRZQRI*2PHPEUDQH+HUHDIWHUWKHZDWHUSHUPHDWLRQWKURXJKWKHPHPEUDQHVZLWKWKH
ORZWUDQVYHUVHUHVLVWDQFHKDVVKRZQDVWURQJGHSHQGHQFHRQWKHDSSOLHGYROWDJHGHFUHDVLQJZLWK
LQFUHDVHGYROWDJH$W]HURYROWDJHWKHZDWHUSHUPHDWLRQSUDFWLFDOO\UHFRYHUHGaWRWKHLQLWLDO
YDOXHRIWKHSULVWLQHVDPSOH
7KHVWDEOHRXWRISODQHHOHFWULFDOFRQGXFWLYLW\RIWKHPHPEUDQHDQGWKHHOHFWULFDOFRQWURORIZDWHU
SHUPHDWLRQ DUH PRUH HYLGHQW IURP WKH FRQWLQXRXV IRUZDUG DQG EDFNZDUG YROWDJH VZHHSV
SHUIRUPHGDIWHUWKHILODPHQWIRUPDWLRQ)LJI7KHHOHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQLV
IRXQGWREHLQGHSHQGHQWRIWKHSRODULW\RIWKHDSSOLHGYROWDJHDQGLVFRPSOHWHO\UHYHUVLEOHHYHQ
DIWHUPXOWLSOHYROWDJHF\FOHV)LJILQVHW&RQWLQXRXVO\VZLWFKLQJWKH'&ELDVYROWDJHEHWZHHQ
DQG9DOVRGHPRQVWUDWHVWKHPHPEUDQH¶VGXUDELOLW\DQGDOVRWKHDELOLW\WRFRQWUROODEO\VZLWFK
ZDWHUSHUPHDWLRQEHWZHHQµRQ¶DQGµRII¶VWDWHVLQDSUHFLVHPDQQHU7KHHOHFWULFDOFRQWURORIZDWHU
SHUPHDWLRQZDVIXUWKHUFRQILUPHGE\PDVVVSHFWURPHWU\VXSSOHPHQWDU\VHFWLRQZKLFKVKRZHG
WKDWQRJDVUHOHDVHRFFXUUHGGXULQJWKHH[SHULPHQWVVXSSOHPHQWDU\)LJ
7RXQGHUVWDQGWKHLQIOXHQFHRIYROWDJHDQGFXUUHQWRQWKHSHUPHDWLRQZHKDYHFRQGXFWHGWZRVHWV
RI DGGLWLRQDO H[SHULPHQWV )LUVW ZH SHUIRUPHG HOHFWULFDOO\ FRQWUROOHG ZDWHU SHUPHDWLRQ
H[SHULPHQWV RQ D *2 PHPEUDQH GHYLFH ZLWK WKH VDPH WKLFNQHVV EXW D IRXU WLPHV VPDOOHU
SHUPHDWLRQDUHDVXSSOHPHQWDU\VHFWLRQ7RDFKLHYHWKHVDPHOHYHORIZDWHUEORFNDJHDVLQWKH
ODUJHUPHPEUDQHWKHVPDOOHUPHPEUDQHGHYLFHRQO\UHTXLUHVDTXDUWHURIWKHFXUUHQWFRPSDUHGWR
WKHODUJHGHYLFHVXSSOHPHQWDU\)LJ7KLVLQGLFDWHVWKDWFXUUHQWGHQVLW\WKURXJKWKHPHPEUDQH
LV WKH FUXFLDO IDFWRU LQ FRQWUROOLQJ ZDWHU SHUPHDWLRQ 6HFRQG ZH SHUIRUPHG ZDWHU SHUPHDWLRQ
H[SHULPHQWVXVLQJPHPEUDQHVZLWKWKHVDPHSHUPHDWLRQDUHDEXWDGLIIHUHQWWKLFNQHVVDQG
P 7KH GHFUHDVH LQ ZDWHU SHUPHDWLRQ UDWH ZDV IRXQG WR EH QHDUO\ LGHQWLFDO IRU WKH VDPH
PDJQLWXGHRIHOHFWULFFXUUHQWSDVVLQJWKURXJKPDQGPWKLFNPHPEUDQHVVXSSOHPHQWDU\
)LJ  ,PSRUWDQWO\ WKH ZDWHU SHUPHDWLRQ UDWH IROORZHG WKH YDULDWLRQ LQ FXUUHQW UDWKHU WKDQ
DSSOLHGYROWDJHVXSSOHPHQWDU\VHFWLRQ%RWKRIWKHVHREVHUYDWLRQVVXJJHVWWKDWZDWHUWUDQVSRUW


LQWKHVHH[SHULPHQWVLVSUHGRPLQDQWO\FRQWUROOHGE\WKHYDOXHRIWKHFXUUHQWWKURXJKFRQGXFWLYH
ILODPHQWVUDWKHUWKDQWKHYROWDJHDSSOLHG

)LJXUH_In-situ)7,5DQG;UD\PHDVXUHPHQWV D ,QVLWX)7,5VSHFWUXPDFTXLUHG IURPD*2PHPEUDQH LQ
ZKLFKWKHFXUUHQWZDVF\FOHGIURPP$WRP$DQGWKHQEDFNWRP$,QVHW3HDNLQWHQVLW\DUHDXQGHUWKHFXUYH
DVDIXQFWLRQRIWKHFXUUHQWIRUWKHSHDNDWaFPIRUIRUZDUGDQGEDFNZDUGVZHHSV7KHEDOODQGVWLFNPRGHOV
EHORZWKHGDWDLOOXVWUDWHWKHYLEUDWLRQDOPRGHVUHVSRQVLEOHIRUWKHGLIIHUHQW,5SHDNV5HG±2[\JHQ%ODFN±&DUERQ
DQG *UH\ ± +\GURJHQ E ;UD\ GLIIUDFWLRQ IRU GLIIHUHQW FXUUHQW OHYHOV DFURVV WKH  P WKLFN *2 PHPEUDQH
PHPEUDQHGLDPHWHUaPPF&KDQJHLQWKHLQWHUOD\HUVSDFLQJDVDIXQFWLRQRIFXUUHQWDQGWKHFRUUHVSRQGLQJI
VEHKDYLRURIWKHPHPEUDQHFRORUFRGHGD[LVG5HYHUVLEOHVZLWFKLQJRIWKH;UD\SHDNZLWKWKHFXUUHQW
7KHLQIOXHQFHRIWKHFXUUHQWRQWKHZDWHUWUDQVSRUWFDQEHHLWKHUWKURXJK-RXOHKHDWLQJRUSRVVLEOH
HOHFWURFKHPLFDO FKDQJHV :H KDYH PHDVXUHG WKH PHPEUDQH WHPSHUDWXUH DV D IXQFWLRQ RI WKH
HOHFWULFFXUUHQWDFURVVWKHPHPEUDQHVXSSOHPHQWDU\VHFWLRQDQGIRXQGQRVLJQLILFDQWYDULDWLRQV
VXSSOHPHQWDU\)LJ,QRUGHUWRWHVWWKHHOHFWURFKHPLFDOPHFKDQLVPZHPHDVXUHGWKHZDWHU
LQIUDUHG,5PRGHVIURPWKH*2PHPEUDQHIRUDYDU\LQJHOHFWULFFXUUHQWDFURVVWKHPHPEUDQH
0HWKRGVDQG)LJXUHD7KHSULVWLQHVDPSOHVKRZVWKUHHPDLQFKDUDFWHULVWLF,5SHDNVDWa
 DQG  FP 7KH EDQG DW a FPí LV DVVLJQHG WR WKH GHIRUPDWLRQ YLEUDWLRQ RI
DGVRUEHGZDWHUPROHFXOHVDQGWKHEDQGDWaFPí LVGXH WR WKHFDUERQ\O& 2VWUHWFKLQJ
PRGHRIWKHFDUER[\OLFJURXSLWVHOI7KHEURDGEDQGEHWZHHQWRFPíLVGXHWRWKH
2+ VWUHWFKLQJ PRGH LQ ERWK WKH *2 VKHHWV DQG WKH LQWHUVSHUVHGZDWHU PROHFXOHV :KHQ DQ
HOHFWULFFXUUHQWLVVZLWFKHGRQDOOWKHEDQGLQWHQVLWLHVFRUUHVSRQGLQJWRZDWHUPROHFXOHVGHFUHDVH


ZKHUHDV WKHEDQG LQWHQVLW\ UHODWLQJ WRFDUERQ\OJURXSV UHPDLQVFRQVWDQW$IWHU WKHFXUUHQWZDV
EURXJKWWR]HURWKHEDQGVDVVRFLDWHGZLWKZDWHUPROHFXOHVIXOO\UHFRYHUWRWKHLULQLWLDOLQWHQVLWLHV
)LJDLQVHW
7RWHVWLIWKHGHFUHDVHLQWKH,5ZDWHUVLJQDOLVDVVRFLDWHGZLWKWKHUHGXFHGDPRXQWRIZDWHUZH
SHUIRUPHGDQ;UD\GLIIUDFWLRQ;5'VWXG\RIWKHLQWHUOD\HUGLVWDQFHLQRXUGHYLFHVDVDIXQFWLRQ
RI WKHHOHFWULFFXUUHQW0HWKRGV)LJEVKRZVWKHin-situFKDQJHVRIWKHUHIOHFWLRQDVD
IXQFWLRQRIWKHFXUUHQWDFURVVWKHPHPEUDQHZLWKWKHSHDNFOHDUO\VKLIWLQJWRKLJKHUșYDOXHV
DWHOHYDWHGFXUUHQWV7KHLQWHUOD\HUVSDFLQJdLVHVWLPDWHGIURPWKH;5'DQDO\VLVDQGSORWWHGDV
DIXQFWLRQRIHOHFWULFFXUUHQWLQ)LJF:HIRXQGWKDWDYDOXHRId|cDW]HURFXUUHQWGHFUHDVHV
WR|cDVWKHFXUUHQWDFURVVWKHPHPEUDQHLQFUHDVHVIURP]HURWRP$7KHVHHOHFWULFFXUUHQW
LQGXFHGFKDQJHVLQdZHUHDOVRIRXQGWREHUHYHUVLEOH)LJG1RWHWKDWVXFKFKDQJHVLQWKH
LQWHUOD\HUGLVWDQFHZHUHQRWSUHVHQWGXULQJWKHILUVWYROWDJHVZHHSXSWRVc,EHIRUHWKHILODPHQW
IRUPDWLRQ+RZHYHUWKHREVHUYHGVPDOOFKDQJHLQdcLVQRWH[SHFWHGWRDIIHFWWKHZDWHU
SHUPHDWLRQODUJHO\GXHWRWKHVOLSHQKDQFHGZDWHUSHUPHDWLRQWKURXJKJUDSKHQHFDSLOODULHVLQWKH
PHPEUDQH$OVRVXFKDVPDOOGHFUHDVHLQWKHLQWHUOD\HUGLVWDQFHFDQQRWH[SODLQWKHREVHUYHG
UHGXFWLRQLQWKH,5SHDNLQWHQVLW\E\QHDUO\
%DVHGRQWKHVHREVHUYDWLRQVZHDWWULEXWHWKHHOHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQWRFXUUHQW
PHGLDWHGLRQLVDWLRQRIZDWHUPROHFXOHV,WLVNQRZQWKDWDFXUUHQWFDUU\LQJFRQGXFWRUSURGXFHVDQ
HOHFWULFILHOGDURXQGLWVXSSOHPHQWDU\VHFWLRQ7KHH[DFWYDOXHRIWKHILHOGGHSHQGVRQWKH
SDUDPHWHURIWKHVHWXSEXWIRUDFRD[LDODUUDQJHPHQWZKHQFXUUHQWIORZVLQRQHGLUHFWLRQWKURXJK
WKHLQQHUFRQGXFWRURIUDGLXVaDQGLQWKHRWKHUGLUHFWLRQWKURXJKDFRD[LDOFRQGXFWRURIUDGLXVb²
LQRXUFDVHWKHFKDUDFWHULVWLFVL]HRIWKHVDPSOHWKHUDGLDOFRPSRQHQWRIWKHILHOGLVJLYHQE\
Er H?H?ఙH? H?H?H?O?H?ȀH?O?
ZKHUHJ LVWKHFXUUHQWGHQVLW\zYDULHVIURPWRLZKHUHLLVWKHOHQJWKRIWKHZLUHWKLFNQHVVRI
WKH PHPEUDQH r LV WKH UDGLDO GLVWDQFH IURP WKH FHQWUH RI WKH ZLUH DQGߪ LV WKH HOHFWULFDO
FRQGXFWLYLW\RIWKHZLUHVXSSOHPHQWDU\VHFWLRQ,QRXUFDVHWKLVIRUPXODUHGXFHVWREU 
Vr)OQabDQGLWLVREYLRXVWKDWFORVHWRWKHVXUIDFHRIWKHILODPHQWVrLVRIWKHRUGHURIIHZ
WHQVQPWKHHOHFWULFILHOGFDQEHDVKLJKDVa9PVXSSOHPHQWDU\)LJ6XFKODUJHHOHFWULF
ILHOGVFRXOGGLVVRFLDWHZDWHUPROHFXOHVWRSURGXFHK\GURQLXPDQGK\GUR[\OLRQVVXSSOHPHQWDU\
VHFWLRQZLWKWKHHIIHFWEHFRPLQJPRUHSURQRXQFHGDWKLJKHUFXUUHQWV'ULIWRIVXFKFKDUJHG
LRQVLQWKHFKDQQHOVFDQVXSSUHVVWKHZDWHUIORZVXSSOHPHQWDU\VHFWLRQ
2XU0'VLPXODWLRQVVXSSOHPHQWDU\VHFWLRQIXUWKHUFRQILUPWKDWWKHZDWHUSHUPHDWLRQUDWHLQ
JUDSKHQH FDSLOODULHV GHFUHDVHV ZLWK LQFUHDVLQJ FRQFHQWUDWLRQ RI K\GURQLXP DQG K\GUR[\O LRQV
VXSSRUWLQJ WKH REVHUYHG HOHFWULFDO FRQWURO RI ZDWHU SHUPHDWLRQ VXSSOHPHQWDU\ )LJ  7KH
SURSRVHGPRGHORIHOHFWULFILHOGHQKDQFHGGLVVRFLDWLRQRIZDWHULVDOVRFRQVLVWHQWZLWKWKHREVHUYHG
UHYHUVLEOHFKHPLFDOFKDQJHVLQWKHLQWHUOD\HUZDWHUPROHFXOHV,5SHDNLQWHQVLWLHVLQ)LJDDQG
WKHFKDQJHVLQWKHLQWHUOD\HUVSDFLQJ)LJEZLWKFXUUHQW7KLVFRXOGEHDWWULEXWHGWRWKHGHFUHDVH
LQWKHYROXPHRILQWHUOD\HUZDWHUGXHWRLRQLVDWLRQ
,QVXPPDU\WKHXQIRUHVHHQHOHFWULFDOFRQWURORIZDWHUSHUPHDWLRQWKURXJK*2PHPEUDQHVKDV
SURIRXQGVLJQLILFDQFHLQPHPEUDQHEDVHGVHSDUDWLRQWHFKQRORJLHVQDQRIOXLGLFVDQGELRPHGLFDO
DSSOLFDWLRQVZKHUHWKHSUHFLVHGHOLYHU\RIZDWHUPROHFXOHVLVFUXFLDO)XUWKHUH[SHULPHQWDODQG
WKHRUHWLFDO HIIRUWV DUH QHHGHG IRU D PRUH GHWDLOHG DQG WKRURXJK XQGHUVWDQGLQJ RI WKH H[DFW
PHFKDQLVP WKURXJK ZKLFK ZDWHU SHUPHDWLRQ LV FRQWUROOHG E\ HOHFWULFDO FXUUHQW +RZHYHU WKH


UHVHDUFKUHSRUWHGKHUHLVDQLPSRUWDQWVWHSLQWKHXQGHUVWDQGLQJRIZDWHULQQDQRVFDOHFDSLOODULHV
DQGLWVSUHFLVHDQGUHYHUVLEOHFRQWUROYLDDVLPSOHPHDQVZLWKRXWLQYROYLQJFRPSOLFDWHGFKHPLFDO
PRGLILFDWLRQV
0HWKRGV
)DEULFDWLRQ RI PHWDO*2PHWDO VDQGZLFK PHPEUDQHV DQG HOHFWULFDO PHDVXUHPHQWV *2
DTXHRXV GLVSHUVLRQV IODNH VL]H RI §  P ZHUH SUHSDUHG DV UHSRUWHG HDUOLHU IURP WKH
H[IROLDWLRQRIJUDSKLWHR[LGHSRZGHU %*7 0DWHULDOV /LPLWHG LQ ZDWHUXVLQJEDWK VRQLFDWLRQ
'LIIHUHQWVWHSVLQWKHIDEULFDWLRQSURFHVVRIWKHPHWDO*2PHWDOVDQGZLFKPHPEUDQHDUHVKRZQ
LQVXSSOHPHQWDU\)LJ)LUVWD6WHUOLWHFKSRURXVVLOYHUPHWDOPHPEUDQHȝPSRUHVL]HDQG
PPGLDPHWHUZKLFKDOVRDFWVDVWKHERWWRPHOHFWURGHZDVXVHGLQDVWDQGDUGYDFXXPILOWUDWLRQ
VHWXSWRSUHSDUH*2PHPEUDQHVIRUWKHSHUPHDWLRQH[SHULPHQWV7KHVHPHPEUDQHVZHUHJOXHG
XVLQJ 6W\FDVW  HSR[\ UHVLQ RQWR WKH SRO\HWK\OHQH WHUHSKWKDODWH 3(7 ILOPV VWHS  LQ
VXSSOHPHQWDU\)LJZLWKDFLUFXODUDSHUWXUHGLDPHWHURIaFPEHIRUHHYDSRUDWLQJDWKLQJROG
ILOPaQPDVWKHWRSHOHFWURGHVWHSLQVXSSOHPHQWDU\)LJDQGVXSSOHPHQWDU\)LJWR
DOORZ DQ HOHFWULF SRWHQWLDO WR EH DSSOLHG DFURVV WKH PHPEUDQH +HUH WKH 3(7 ILOP SUHYHQWV
HOHFWULFDO VKRUWLQJ EHWZHHQ WKH WRS DQG ERWWRP HOHFWURGHV LQ WKH PHWDO*2PHWDO VDQGZLFK
PHPEUDQHVWUXFWXUHV)LQDOO\WKHVHVWUXFWXUHVZHUHJOXHGRQWRDQRWKHUSODVWLFGLVFDVVKRZQLQ
VXSSOHPHQWDU\ )LJ  VWHS  ZKLFK SURYLGHV PHFKDQLFDO VXSSRUW IRU VHDOLQJ WKH VDPSOH WR D
VWDLQOHVVVWHHOZDWHUFRQWDLQHUXVHGLQSHUYDSRUDWLRQH[SHULPHQWV7KLQFRSSHUZLUHVH[WHQGLQJ
IURPERWKHOHFWURGHVZHUHFRQQHFWHGWRD.HLWKOH\VRXUFHPHWHUVXSSOHPHQWDU\)LJWR
SURYLGHD'&YROWDJHDFURVVWKHPHPEUDQHVDOORZLQJHOHFWULFDOHIIHFWVRQZDWHUSHUPHDWLRQWREH
SUREHG$QDGGLWLRQDO.HLWKOH\$1DQRYROWPHWHUZDVDOVRFRQQHFWHGDFURVVWKHPHPEUDQHWR
PHDVXUHWKHSRWHQWLDOGURS
3HUPHDWLRQ H[SHULPHQWV :H HPSOR\HG D SUHYLRXVO\ UHSRUWHG JUDYLPHWULF PHWKRG WR
XQGHUVWDQGWKHHOHFWULFDOHIIHFWVRQZDWHUSHUPHDWLRQ WKURXJK*2PHPEUDQHV7KHSODVWLFGLVF
FRQWDLQLQJDPHWDO*2PHWDOVDQGZLFKPHPEUDQHZDVIL[HGWRDVWDLQOHVVVWHHOZDWHUFRQWDLQHU
XVLQJWZRUXEEHU2ULQJVWRHQVXUHDQDLUWLJKWVHDO7KHZDWHUSHUPHDWLRQUDWHZDVPHDVXUHGLQ
WHUPVRIZHLJKWORVVRIWKHZDWHUFRQWDLQHUXVLQJDFRPSXWHUFRQWUROOHGSUHFLVLRQEDODQFH0HWWOHU
7ROHGRDFFXUDF\PJ$OOWKHJUDYLPHWULFH[SHULPHQWVZHUHFDUULHGRXWLQDFKDPEHUZLWKD
FRQWUROOHGUHODWLYHKXPLGLW\RI7RSUREHHOHFWULFDOHIIHFWVRQZDWHUSHUPHDWLRQD'&YROWDJH
ZDVDSSOLHGDFURVVWKHPHPEUDQHVDVVKRZQLQVXSSOHPHQWDU\)LJ
,QVLWX ,5PHDVXUHPHQWV:HKDYHXVHG in-situ ,5DEVRUSWLRQ VSHFWURVFRS\ WRPRQLWRU DQ\
FKHPLFDO FKDQJHV LQ WKH *2 PHPEUDQHV GXULQJ YROWDJH F\FOLQJ 7KH ,5 PHDVXUHPHQWV ZHUH
SHUIRUPHGLQWUDQVPLVVLRQJHRPHWU\W\SLFDOO\VFDQVSHUORRSE\HPSOR\LQJ9(57(;
%UXNHU )7,5 VSHFWURPHWHU DQG +<3(5,21 0LFURVFRSH XVLQJ D 0&7 PHUFXU\ FDGPLXP
WHOOXULGHOLTXLG1FRROHGGHWHFWRUZLWKDPLUURURSWLFDOYHORFLW\RIFPVDWDUHVROXWLRQRI
 FP 7R HQDEOH DQ HOHFWULF SRWHQWLDO WR EH DSSOLHG DFURVV WKH PHPEUDQH GXULQJ WKH ,5
PHDVXUHPHQWVZHGHSRVLWHGWKLQQPJROGHOHFWURGHVRQERWKVLGHVRIWKHIUHHVWDQGLQJ*2
PHPEUDQH'XULQJWKH,5PHDVXUHPHQWWKHZKROHV\VWHPZDVFRQWLQXRXVO\SXUJHGZLWKDGU\1
VWUHDPWRUHPRYHZDWHULQWKHDWPRVSKHUH7RPDWFKWKH,5H[SHULPHQWDOFRQGLWLRQVWRWKRVHRI
WKHSHUPHDWLRQH[SHULPHQWVZHXVHGDZDWHUUHVHUYRLUDGURSRIZDWHUDWWKHHGJHRIWKH*2
PHPEUDQHVDZD\IURPWKH,5VSRWWRK\GUDWHWKHPHPEUDQHGXULQJPHDVXUHPHQWV:LWKRXWWKLV
UHVHUYRLU,5VSHFWUDIURPWKHVDPSOHVUHVHPEOHWKDWRIDGU\*2PHPEUDQHORZHU2+YLEUDWLRQ
SHDN


,QVLWX;5'PHDVXUHPHQWV)RUSURELQJWKHFKDQJHVLQWKHLQWHUOD\HUGLVWDQFHRI*2PHPEUDQHV
DVDIXQFWLRQRIDSSOLHGYROWDJHZHKDYHSHUIRUPHGin-situ;5'H[SHULPHQWV:HXVHGD%UXNHU
' 'LVFRYHU DGYDQFHG ;5' V\VWHP &X .Į Ȝ    QP WR SHUIRUP WKLV H[SHULPHQW $
KRPHPDGH;5'VDPSOHKROGHUZDVGHVLJQHGWRKROGDIHZPLOOLOLWHUVRIZDWHUEHQHDWKWKH*2
PHPEUDQH SURYLGLQJ D FRQWLQXRXV VRXUFH RI PRLVWXUH WR NHHS WKH PHPEUDQH DW  5+
PLPLFNLQJ WKH ZDWHU SHUPHDWLRQ H[SHULPHQWV 7KH LQWHUOD\HU VSDFLQJ d ZDV FDOFXODWHG XVLQJ
%UDJJ¶V HTXDWLRQ d = Ȝ/2sinș ZKHUHș LV WKH VFDWWHULQJ DQJOH DQG Ȝ LV WKH ZDYHOHQJWK RI WKH
LQFLGHQWZDYH

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
6XSSOHPHQWDU\,QIRUPDWLRQ

 )DEULFDWLRQRIPHWDO*2PHWDOVDQGZLFKPHPEUDQHVDQGHOHFWULFDOPHDVXUHPHQWV

6XSSOHPHQWDU\)LJ_)DEULFDWLRQSURFHGXUHVIRUWKHPHWDO*2PHWDOVDQGZLFKPHPEUDQH


6XSSOHPHQWDU\)LJ_0HWDO*2PHWDOVDQGZLFKPHPEUDQHGHYLFH3KRWRJUDSKRIRQHRIRXU
PHWDO*2PHWDOVDQGZLFKPHPEUDQHVDWWDFKHGWRWKH3(7VKHHWVWHSLQVXSSOHPHQWDU\)LJ
6FDOHEDUPP7KLVZDVIXUWKHUDWWDFKHGRQWRDQRWKHUSODVWLFGLVFIRUVHDOLQJWKHPHWDOFRQWDLQHU
IRUJUDYLPHWULFWHVWLQJ


 &RQGXFWLQJILODPHQWIRUPDWLRQLQ*2PHPEUDQHV

6XSSOHPHQWDU\ )LJ _ ,QIOXHQFH RI KXPLGLW\ RQ FRQGXFWLQJ ILODPHQW IRUPDWLRQ IV
FKDUDFWHULVWLFV GXULQJ WKH ILUVW YROWDJH VZHHS VKRZLQJ D VXGGHQ LQFUHDVH LQ WKH FXUUHQW IRU
PHPEUDQHVH[SRVHGWRKXPLGFRQGLWLRQVVXJJHVWLQJSDUWLDOHOHFWULFDOEUHDNGRZQRI*2PHPEUDQH
DQGFRQGXFWLQJILODPHQWIRUPDWLRQ

,W LV NQRZQ WKDW LQ WKH SUHVHQFH RI PRLVWXUH RQ WKH VXUIDFH RI DQ LQVXODWRU WKH IRUPDWLRQ RI
SHUPDQHQWFRQGXFWLQJSDWKVXVXDOO\FDUERQRFFXUVDFURVVWKHVXUIDFHRIWKHLQVXODWRUNQRZQDV
WUDFNLQJ7KH WUDFNLQJ SKHQRPHQRQ LV FRPPRQ LQ RUJDQLF GLHOHFWULFV DQGEHWZHHQ OD\HUV RI
EDNHOLWHRUVLPLODUGLHOHFWULFVPDGHRIODPLQDWHV&RQVLVWHQWZLWKWKLVZHIRXQGWKDWFRQGXFWLQJ
ILODPHQWIRUPDWLRQLQ*2PHPEUDQHVLVDOVRKLJKO\VHQVLWLYHWRWKHKXPLGLW\RIWKHHQYLURQPHQW
VXJJHVWLQJ WKH RFFXUUHQFH RI WKH WUDFNLQJ SKHQRPHQRQ 6XSSOHPHQWDU\ )LJ  VKRZV WKH IV
FKDUDFWHULVWLFVRIWKH*2PHPEUDQHVDWGLIIHUHQWUHODWLYHKXPLGLW\LQWKHILUVWYROWDJHVZHHS7KH
VDPSOH H[SRVHG WR ]HUR KXPLGLW\ GLG QRW VKRZ DQ\ HYLGHQFH RI WKH IRUPDWLRQ RI HOHFWULFDOO\
FRQGXFWLQJ ILODPHQWV HYHQXS WR 9 FRQILUPLQJ WKHKLJK GLHOHFWULF VWUHQJWKRI*2 LQ DGU\
DWPRVSKHUH DQG FRQVLVWHQW ZLWK SUHYLRXV UHSRUWV +RZHYHU WKH VDPSOHV H[SRVHG WR KXPLG
FRQGLWLRQVGHYLDWHIURPWKLVEHKDYLRUVKRZLQJDVXGGHQLQFUHDVHLQWKHFXUUHQWDWDFHUWDLQYROWDJH
GHQRWHGDVWKHFULWLFDOYROWDJHVc$IWHUUHDFKLQJVcWKHVDPSOHVZHUHSHUPDQHQWO\VZLWFKHGWR
DFRQGXFWLQJVWDWHDQGWKHLUFRQGXFWLYLW\ZDVIRXQGWREHVWDEOHHYHQDIWHUDSSO\LQJDQHJDWLYH
YROWDJH DFURVV WKH PHPEUDQH VHH PDLQ )LJ I 7KH GHFUHDVH LQ YDOXH RI Vc ZLWK LQFUHDVLQJ
UHODWLYHKXPLGLW\RIWKHHQYLURQPHQWVXSSOHPHQWDU\)LJIXUWKHUVXJJHVWVWKHFRQWULEXWLRQRI
DEVRUEHGZDWHUFRQWHQWLQWHUOD\HUZDWHULQWKHIRUPDWLRQRIFRQGXFWLQJILODPHQWVLQVLGHWKH*2
PHPEUDQHFRQVLVWHQWZLWKWKHWUDFNLQJSKHQRPHQRQ

7RXQGHUVWDQGWKHHOHFWULFDOFRQGXFWLYLW\RI*2PHPEUDQHVDIWHUWKHILODPHQWIRUPDWLRQZHKDYH
PHDVXUHGWKHLQSODQHFRQGXFWLYLW\RIWKHFRQGXFWLQJ*2PHPEUDQHWKDWGLVSOD\HGRXWRISODQH
FRQGXFWLYLW\)RUWKLVWKHPHPEUDQHZDVSHHOHGRIIIURPWKHVLOYHUVXEVWUDWHDQGWKHQH[IROLDWHG
XVLQJVFRWFKWDSH$SDLURIHOHFWURGHVPPDSDUWZLWKDZLGWKRIFPZDVPDGHRQWKLVIUHVKO\
SHHOHG *2 PHPEUDQH XVLQJ FRQGXFWLYH VLOYHU SDVWH WR PHDVXUH WKH LQSODQH FRQGXFWLYLW\
6XUSULVLQJO\ZHIRXQGWKDWWKHLQSODQHHOHFWULFDOFRQGXFWLYLW\RIWKHVH*2PHPEUDQHVLVVLPLODU
WRWKDWRIKLJKO\UHVLVWLYHSULVWLQH*2PHPEUDQHVa6FP6XSSOHPHQWDU\)LJFRPSDUHV


WKHRXWRISODQHDQGLQSODQHIVFKDUDFWHULVWLFVRIWKH*2PHPEUDQHDIWHUFRQGXFWLQJILODPHQW
IRUPDWLRQ

6XSSOHPHQWDU\)LJ_,QSODQHDQGRXWRISODQHHOHFWULFDOFRQGXFWLYLW\,QSODQHDQGRXWRI
SODQHIVFKDUDFWHULVWLFVRIWKH*2PHPEUDQHDIWHUWKHILODPHQWIRUPDWLRQ,QVHW2XWRISODQHI-
VFKDUDFWHULVWLFVRI*2PHPEUDQHDWUHODWLYHKXPLGLW\DQGYDFXXP

7RSUREH WKH VWDELOLW\RIRXWRISODQHHOHFWULFDOFRQGXFWLYLW\DIWHU ILODPHQW IRUPDWLRQZHKDYH
IXUWKHUPHDVXUHGRXWRISODQHI-VFKDUDFWHULVWLFVRI*2PHPEUDQHDWGLIIHUHQWKXPLGLW\8QOLNH
WKHLQSODQHHOHFWULFDOFRQGXFWLYLW\LQ*2ZKLFKLVVHQVLWLYHWRWKHKXPLGLW\RIWKHHQYLURQPHQW
WKHRXWRISODQHFRQGXFWLYLW\ZDVIRXQGWREHVWDEOH7KHLQVHWRIVXSSOHPHQWDU\)LJVKRZVWKH
RXWRISODQHI-VFKDUDFWHULVWLFVRIWKH*2PHPEUDQHDWUHODWLYHKXPLGLW\5+DQGYDFXXP
7KH VWDEOH RXWRISODQH HOHFWULFDO FRQGXFWLRQ LQ WKH *2 PHPEUDQH IXUWKHU DJUHHV ZLWK WKH
SHUPDQHQWILODPHQWIRUPDWLRQLQWKH*2PHPEUDQH

7RGHPRQVWUDWHWKHH[LVWHQFHRIWKHFRQGXFWLQJILODPHQWVLQVLGHWKH*2PHPEUDQHWKHWRSDQG
ERWWRPPHWDOHOHFWURGHVZHUHSHHOHGRIIXVLQJDVFRWFKWDSH7KH*2PHPEUDQHVZHUHWKHQIXUWKHU
H[IROLDWHGXVLQJVFRWFKWDSHWRREWDLQWKHIUHVKO\SURGXFHGLQQHUVXUIDFHIRUFKDUDFWHUL]DWLRQXVLQJ
VFDQQLQJ HOHFWURQ PLFURVFRS\ 6(0 HQHUJ\ GLVSHUVLYH ;UD\ ('; VSHFWURVFRS\ 5DPDQ
VSHFWURVFRS\DQG;UD\SKRWRHOHFWURQVSHFWURVFRS\;367KH6(0LPDJHRIDFRQGXFWLQJ*2
PHPEUDQH VKRZQ LQ VXSSOHPHQWDU\ )LJ D H[KLELWV D WH[WXUH VLPLODU WR WKDW RI D SULVWLQH *2
PHPEUDQHZLWKQRQRWLFHDEOHIHDWXUHVFRUUHVSRQGLQJWRWKHFRQGXFWLQJILODPHQWV(';DQDO\VLV
IXUWKHUFRQILUPHGWKHSUHVHQFHRIRQO\FDUERQDQGR[\JHQHOHPHQWVLQWKHPHPEUDQH

5DPDQ VSHFWUD RI WKH *2 VDPSOHV ZHUH FROOHFWHG XVLQJ +25,%$
V ;SOR5$ 3/86 5DPDQ
VSHFWURPHWHUZLWKDQOLQHVPPJUDWLQJDQGQPODVHUH[FLWDWLRQDWDSRZHURIP:
DQGDVSRWVL]HRIQP6XSSOHPHQWDU\)LJEDQGFVKRZWKH5DPDQIDI*PDSSLQJIRUD
SULVWLQH *2 PHPEUDQH DQG D *2 PHPEUDQH FORVH WR WKH SRVLWLYH HOHFWURGH ZLWK FRQGXFWLQJ
ILODPHQWVFRQGXFWLQJ*2PHPEUDQH7KHUDWLRI'I* LVFDOFXODWHGIURPWKH LQWHQVLW\RI WKH'
EDQG DW  FPí WR WKH LQWHQVLW\ RI WKH * EDQG DW  FPí LQ WKH 5DPDQ VSHFWUXP
VXSSOHPHQWDU\)LJVHDQGI$VVHHQLQVXSSOHPHQWDU\)LJEWKHYDOXHRII'I*LVXQLIRUP
RYHUWKHZKROHDUHDRIPPîPPLQWKHFDVHRIWKHSULVWLQH*2VDPSOH+RZHYHUIRU
WKH*2PHPEUDQHZLWKFRQGXFWLQJILODPHQWVI'I*ZDVIRXQGWREHLQKRPRJHQHRXVDQGYDULHG


IURPEOXHFRORUHGDUHDVWRJUHHQFRORUHGDUHDVDWGLIIHUHQWVSRWVRQWKHVDPSOH7\SLFDO
5DPDQPDSSLQJVKRZLQJ WKH LQKRPRJHQHRXV I'I*UDWLR LV VKRZQ LQ VXSSOHPHQWDU\)LJF$
VLPLODU LQFUHDVH LQ I'I*ZDV UHSRUWHG IRU WKH UHGXFWLRQRIJUDSKHQHR[LGH DQG DWWULEXWHG WR DQ
LQFUHDVHLQWKHsp2FDUERQQHWZRUNLQWKHVDPSOHV7KLVVXJJHVWVWKDWWKHFRQGXFWLQJILODPHQWV
DFURVVWKH*2PHPEUDQHDUHPDGHXSRIsp2FDUERQ


6XSSOHPHQWDU\)LJ_5DPDQFKDUDFWHUL]DWLRQRIFRQGXFWLQJILODPHQWVLQD*2PHPEUDQH
D7RSRJUDSKLFDO6(0LPDJHRID*2PHPEUDQHDIWHUWKHIRUPDWLRQRIFRQGXFWLQJILODPHQWV
5DPDQLQWHQVLW\UDWLRI'I*PDSSLQJRI'DQG*EDQGVIRUEDSULVWLQH*2PHPEUDQHDQGF
DQGGD*2PHPEUDQHDIWHUFRQGXFWLQJILODPHQWVKDGEHHQIRUPHGF5DPDQLPDJLQJIURPWKH
PHPEUDQHVXUIDFHFORVHWRWKHSRVLWLYHHOHFWURGHaQPDZD\G5DPDQLPDJLQJIURPWKH
PHPEUDQHVXUIDFHFORVHWRWKHQHJDWLYHHOHFWURGHaQPDZD\HDQGIVKRZWKH5DPDQ
VSHFWUDIURPWKHGDUNEOXHDQGJUHHQFRORUHGUHJLRQVLQFUHVSHFWLYHO\

7RLQYHVWLJDWHWKHXQLIRUPLW\RIFDUERQILODPHQWVDFURVVWKHWRSDQGERWWRPHOHFWURGHVZHKDYH
FDUULHGRXWI'I*PDSSLQJH[SHULPHQWVRQDFRQGXFWLQJ*2PHPEUDQHVXUIDFHFORVHWRWKHQHJDWLYH
HOHFWURGHE\PXOWLSOHSHHOLQJVRIWKHPHPEUDQHFORVHWRWKHSRVLWLYHHOHFWURGHXVLQJVFRWFKWDSH
7KH I'I* PDS REWDLQHG FORVH WR WKH QHJDWLYH HOHFWURGH VXSSOHPHQWDU\ )LJ G VKRZV WKH
VLJQLILFDQWUHGXFWLRQLQWKHVL]HRIGRPDLQVZLWKKLJKI'I*UDWLRaZKLFKFOHDUO\VXJJHVWVWKH
VKULQNDJHRIFDUERQILODPHQWVWRZDUGVWKHQHJDWLYHHOHFWURGH7KLVLVIXUWKHUFRUURERUDWHGE\;36
DQDO\VLVZKHUHWKHsp2FDUERQFRQWHQWLVIRXQGWREHODUJHUFORVHWRWKHSRVLWLYHHOHFWURGHZLWKQR
DSSUHFLDEOHFKDQJHREVHUYHGLQ&2UDWLRZLWKUHVSHFWWRSULVWLQH*2HLWKHUIRUWKHPLGGOHSRUWLRQ
RIWKH*2PHPEUDQHRUWKHPHPEUDQHFORVHWRWKHQHJDWLYHHOHFWURGHVHHVHFWLRQ,QDGGLWLRQ
IURPWKH5DPDQPDSSLQJVKRZQLQVXSSOHPHQWDU\)LJFLWLVDSSDUHQWWKDWWKHQXPEHUGHQVLW\
RIFRQGXFWLQJILODPHQWVLVODUJHDQGVHYHUDOILODPHQWVDUHIRUPHGLQHDFK*2IODNHVL]HRIa
P î  P 7KH QXPEHU RI FRQGXFWLQJ ILODPHQWV HVWLPDWHG E\ FRXQWLQJ EULJKW VSRWV LQ
VXSSOHPHQWDU\)LJGLVaFP%DVHGRQWKLVWKHSURSRVHGFRQGXFWLQJILODPHQWVWUXFWXUHLQ
*2PHPEUDQHVLVVKRZQLQVXSSOHPHQWDU\)LJD



6XSSOHPHQWDU\ )LJ _ &RQGXFWLQJ FDUERQ ILODPHQWV LQ D *2 PHPEUDQH D 6FKHPDWLF
VKRZLQJWKHVWUXFWXUHRIFRQGXFWLQJFDUERQILODPHQWVLQWKH*2PHPEUDQH7RSRJUDSK\DQGWKH
FRUUHVSRQGLQJ 781$ FXUUHQW LPDJH RI SULVWLQH *2 E DQG F DQG FRQGXFWLQJ *2 G DQG H
PHPEUDQHVUHVSHFWLYHO\H[IROLDWHGRQDJROGWKLQILOPFRDWHG6LVXEVWUDWH6FDOHEDUVUHSUHVHQW
P

)XUWKHUZHKDYHFDUULHGRXWDWRPLFIRUFHPLFURVFRSH$)0LPDJLQJXVLQJ%UXNHU'LPHQVLRQ
,&21 $)0 RSHUDWHG LQ SHDN IRUFH WXQQHOOLQJ $)0 3) 781$ PRGH WR FRQILUP ILODPHQW
IRUPDWLRQLQFRQGXFWLQJ*2PHPEUDQHV3)781$LPDJLQJZDVFDUULHGRXWDWQ1SHDNIRUFH
XVLQJ%UXNHU
V3)781$SUREH$XFRDWLQJVSULQJFRQVWDQWRIa1P'&VDPSOHELDVZDV
YDULHGIURPWR9DQGWKHJDLQVHWWLQJZDVFKDQJHGIURP9$WR9$IRUGLIIHUHQW
VDPSOHV,QSDUWLFXODUWKHVXUIDFHFORVHWRWKHQHJDWLYHHOHFWURGHRIFRQGXFWLQJ*2PHPEUDQHV
ZDVH[IROLDWHG WRYDOLGDWH WKHSUHVHQFHRI ILODPHQWV DQGSULVWLQH*2PHPEUDQHZDVXVHGDVD
UHIHUHQFH%RWKWKHSULVWLQHDQGFRQGXFWLQJ*2PHPEUDQHVZHUHH[IROLDWHGRQ&U$XWKLQILOP
QPQPGHSRVLWHGRQD6LVXEVWUDWH7KLVVHWXSIDFLOLWDWHVWKHDSSOLFDWLRQRIDFRQVWDQW'&ELDV
EHWZHHQ WKH VDPSOH DQG WKH$)0 SUREH LQ 3) 781$ PRGH 7KH FXUUHQWSDVVLQJ WKURXJK WKH
VDPSOHEHWZHHQWKH&U$XWKLQILOPDQGWKH$)0SUREHLVPHDVXUHGXVLQJDFXUUHQWVHQVRUZKHQ
WKH SUREH DQG VDPSOH DUH LQWHUPLWWHQWO\ EURXJKW LQWR FRQWDFW LQ HDFK WDSSLQJ F\FOH 7KXV WKH
PDSSLQJRIHOHFWULFDOFXUUHQWDFURVVWKHVDPSOHVSURYLGHVWKHLU781$FXUUHQWLPDJHDORQJZLWK
WKHWRSRJUDSK\

6XSSOHPHQWDU\)LJEDQGGVKRZWKHKHLJKWLPDJHVRISULVWLQHDQGFRQGXFWLQJ*2PHPEUDQHV
H[IROLDWHGRQ WKH&U$XGHSRVLWHG6L VXEVWUDWH7KHLUFRUUHVSRQGLQJ781$FXUUHQW LPDJHVDUH
VKRZQLQVXSSOHPHQWDU\)LJFDQGH7RSRJUDSK\RIERWKWKHPHPEUDQHVLQWKHKHLJKWLPDJHV
GLGQRW VKRZ DQ\ VLJQLILFDQW GLIIHUHQFH DQG WKH PHDVXUHG WKLFNQHVV RI PHPEUDQHV ZDV YDULHG
EHWZHHQ a WR  QP +RZHYHU WKH 781$ FXUUHQW LPDJHV RI SULVWLQH DQG FRQGXFWLQJ *2
PHPEUDQHVH[KLELWHGFRQVLGHUDEOHFKDQJHV$VH[SHFWHGWKH781$FXUUHQWLPDJHRISULVWLQH*2
PHPEUDQHVKRZVDQDSSDUHQWFRQWUDVWIRU*2GDUNUHJLRQVIURPWKHVXUURXQGLQJJROGWKLQILOP
EHFDXVHWKHPDJQLWXGHRI781$FXUUHQWEHWZHHQWKHJROGWKLQILOPDQGWKHSUREHLVPXFKKLJKHU
WKDQWKDWEHWZHHQ*2DQGWKHSUREHGXHWRWKHLQVXODWLQJEHKDYLRXURI*27KHUHIRUHWKHJROG
WKLQILOPUHJLRQDSSHDUVEULJKWHUWKDQWKH*2UHJLRQ2QWKHRWKHUKDQGWKH781$FXUUHQWLPDJHV
VXSSOHPHQWDU\)LJHDQG)LJLQPDLQWH[WUHFRUGHGIRUFRQGXFWLQJ*2PHPEUDQHVUHYHDOWKH


SUHVHQFHRIVPDOOFRQGXFWLQJUHJLRQVZKLFKFDQQRWEHLGHQWLILHGLQKHLJKWLPDJHVZLWKLQWKHQRQ
FRQGXFWLQJ*2UHJLRQGDUNUHJLRQ:HKDYHIXUWKHUFDUULHGRXW3)781$LPDJLQJRIVHYHUDO
VDPSOHV RI ERWK SULVWLQH *2 DQG FRQGXFWLQJ *2 PHPEUDQHV DQG IRXQG WKH SUHVHQFH RI VPDOO
FRQGXFWLQJUHJLRQVRQO\LQWKHFRQGXFWLQJ*2PHPEUDQHVDPSOHV)XUWKHUZHKDYHHVWLPDWHGWKH
ILODPHQWGHQVLW\WREHaFPE\FRXQWLQJWKHFRQGXFWLQJUHJLRQVLQWKH781$FXUUHQWLPDJH
ZKLFKLVLQDJUHHPHQWZLWKWKHGHQVLW\REWDLQHGIURPWKH5DPDQDQDO\VLV

$VVKRZQLQWKHVFKHPDWLFWKHVHFRQGXFWLQJILODPHQWVDFURVVWKHWRSDQGERWWRPHOHFWURGHVPLPLF
VHYHUDOUHVLVWRUVLQSDUDOOHODQGDFFRUGLQJO\WKHHVWLPDWHGFXUUHQWWKURXJKHDFKILODPHQWLVaQ$
IRU D  9 DSSOLHG SRWHQWLDO 7R YDOLGDWH WKH SDUDOOHO UHVLVWRU PRGHO ZH KDYH GLYLGHG D ODUJH
FRQGXFWLQJ*2PHPEUDQHPPGLDPHWHULQWRIRXUHTXDOSLHFHV:HIRXQGWKDWWKHUHVLVWDQFH
RIWKHIRXULQGLYLGXDOSLHFHVLVUHODWLYHO\VLPLODULQPDJQLWXGHDQGLVIRXUWLPHVODUJHUWKDQWKDWRI
WKHODUJHSDUHQWPHPEUDQHVXSSOHPHQWDU\)LJEXWZLWKDVLPLODUUHVLVWLYLW\7KLVVXJJHVWVWKDW
WKHKLJKUHVLVWDQFHRIVPDOOSLHFHVFRXOGEHGXHWRWKHORZHUQXPEHURISDUDOOHOILODPHQWVZKLFK
IXUWKHUFRQILUPVWKHSDUDOOHOUHVLVWRUPRGHO,QDGGLWLRQWKLVH[SHULPHQWDOVRFRQILUPVWKHXQLIRUP
GLVWULEXWLRQRIWKHILODPHQWVLQVLGHWKHPHPEUDQH

6XSSOHPHQWDU\)LJ_I-VFKDUDFWHULVWLFVRI*2PHPEUDQHZLWKFRQGXFWLQJILODPHQWV2XW
RISODQH IV FKDUDFWHULVWLFV RI D FRQGXFWLQJ *2 PHPEUDQH ZLWK D GLDPHWHU RI a PP EHIRUH
SDUHQWPHPEUDQHDQGDIWHUGLYLGLQJLQWRIRXUHTXDOSLHFHV

 ;UD\SKRWRHOHFWURQVSHFWURVFRS\;36RQ*2PHPEUDQHV
7RLQYHVWLJDWHWKHFKHPLFDOVWRLFKLRPHWU\RI*2PHPEUDQHVEHIRUHDQGDIWHUWKHDSSOLFDWLRQRI
DQHOHFWULFSRWHQWLDO DIWHUHOHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQH[SHULPHQWVZHSHUIRUPHG
;36;36VSHFWUDZHUHDFTXLUHGLQDQXOWUDKLJKYDFXXPV\VWHPZLWKDEDVHSUHVVXUHRIî
PEDUXVLQJDPRQRFKURPDWHG$O.DVRXUFHDWH92PLFURQ;0DQGDSRZHURI
:$QDSHUWXUHGLDPHWHURIPPZDVXVHGZLWKWKHVDPSOHQRUPDODWWRERWKWKH;UD\
VRXUFHDQGWKHHQWUDQFHRSWLFVRIWKHKHPLVSKHULFDOHQHUJ\DQDO\VHU2PLFURQ($



6XSSOHPHQWDU\ )LJ _ ;UD\ SKRWRHOHFWURQ VSHFWURVFRS\ ;36 FKDUDFWHUL]DWLRQ RI *2
PHPEUDQHVD;36VSHFWUXPIURPDSULVWLQH*2PHPEUDQHEDQGF;36VSHFWUDIURP*2
PHPEUDQHVXVHG IRU WKHHOHFWULFDOO\FRQWUROOHGSHUPHDWLRQH[SHULPHQWV E  VKRZVDVSHFWUXP
IURPDIUHVKO\FOHDYHGPHPEUDQHVXUIDFHFORVHWRWKHLQQHUPLGGOHUHJLRQDQGFLVIURPDIUHVKO\
FOHDYHGVXUIDFHFORVHWRWKHSRVLWLYHHOHFWURGH%ODFNOLQHVUDZGDWDUHGOLQHVWKHILWWLQJHQYHORSH
EOXHOLQHVGHFRQYROYHGSHDNVDWWULEXWHGWRWKHFKHPLFDOHQYLURQPHQWVLQGLFDWHG

6XSSOHPHQWDU\)LJDVKRZVWKH;36VSHFWUDIURPWKHSULVWLQH*2PHPEUDQHDQGVXSSOHPHQWDU\
)LJEDQGFUHSUHVHQW;36VSHFWUDRID*2PHPEUDQHDIWHUHOHFWULFDOO\FRQWUROOHGSHUPHDWLRQ
DFTXLUHG IURPDQ LQQHU VXUIDFHRI WKHPHPEUDQH DQGD VXUIDFH FORVH WR WKHSRVLWLYH HOHFWURGH
UHVSHFWLYHO\$PHPEUDQHVXUIDFHIURPFORVHWRWKHHOHFWURGHZDVREWDLQHGE\UHPRYLQJWKHVLOYHU
HOHFWURGHWKURXJKPHFKDQLFDOSHHOLQJDQGWKHQFOHDYLQJWKHPHPEUDQHXVLQJVFRWFKWDSHWRUHYHDO
DQ LQQHU VXUIDFH 8VLQJ ;36 3HDN  HDFK & s VSHFWUXP ZDV ILWWHG ZLWK IRXU FRPSRQHQWV
UHSUHVHQWLQJWKHPDLQERQGLQJHQYLURQPHQWVIRXQGLQJUDSKHQHR[LGH&&H9&
2+H9&2&H9DQG& 2DQG& 22+H9
&2UDWLRVFDOFXODWHGIURPWKHILWWHGSHDNDUHDVZHUHIRXQGWREHVLPLODUIRUSULVWLQH*2DQG
WKH LQQHU VXUIDFH RI WKH PHPEUDQH DIWHU HOHFWULFDOO\ FRQWUROOHG SHUPHDWLRQ ,Q FRQWUDVW WKH
PHPEUDQHVXUIDFHFORVHWRWKHSRVLWLYHHOHFWURGHVKRZVDQLQFUHDVHLQ&2UDWLRLQGLFDWLQJD
KLJKHUsp2IUDFWLRQFORVHWRWKHHOHFWURGH&&IUDFWLRQVDUHIRXQGWREHDQGUHVSHFWLYHO\
IRUWKHLQQHUVXUIDFHDQGIURPWKHVXUIDFHFORVHWRWKHHOHFWURGH7KLVLQFUHDVHLQsp2IUDFWLRQFORVH
WR WKHSRVLWLYHHOHFWURGH LVDWWULEXWHG WR WKH IRUPDWLRQRIFRQGXFWLQJFDUERQILODPHQWVDIWHU WKH
DSSOLFDWLRQRIDYROWDJHDFURVVWKH*2PHPEUDQHZKHUHWKHFRQFHQWUDWLRQRIILODPHQWVLVH[SHFWHG
WREHODUJHFORVHWRWKHSRVLWLYHHOHFWURGHVXSSOHPHQWDU\)LJD

 0DVVVSHFWURPHWU\
(OHFWULFDO FRQWURO RI ZDWHU SHUPHDWLRQ WKURXJK *2 PHPEUDQHV ZDV DOVR SUREHG XVLQJ PDVV
VSHFWURPHWU\06VFKHPDWLFDOO\VKRZQLQVXSSOHPHQWDU\)LJD+HUHD$X*2$JVDQGZLFK
VWUXFWXUH ZDV SODFHG EHWZHHQ WZR UXEEHU 2ULQJV LQ D FXVWRP PDGH SHUPHDWLRQ FHOO
VXSSOHPHQWDU\)LJD&RSSHUOHDGVIURPWKHWRSDQGERWWRPHOHFWURGHVZHUHFRQQHFWHGWRD
VRXUFHPHWHUYLDDQHOHFWULFDOIHHGWKURXJK7KHSHUPHDWHVLGHSUHVVXUHZDVPDLQWDLQHGDWEDU
:DWHUYDSRXU PEDU DQGKHOLXP PEDUZHUH IHG LQWR WKH WRSFKDPEHUDQGSHUPHDWLRQ
WKURXJKWKHVDPSOHZDVPRQLWRUHGDWWKHSHUPHDWHVLGHXVLQJ06:HXVHGDTXDGUXSROHUHVLGXDO
JDVDQDO\]HU+35+LGHQ$QDO\WLFDOWRPHDVXUHWKHSDUWLDOSUHVVXUHRISHUPHDWHGVSHFLHVDQG
ZHWFRWWRQLQWKHWRSFKDPEHUDVDFRQVWDQWIHHGIRUZDWHUYDSRXU6XSSOHPHQWDU\)LJEVKRZV
WKHSDUWLDOSUHVVXUHRIZDWHUP+2K\GURJHQR[\JHQDQGKHOLXP+HLQWKHSHUPHDWHVLGHDW


GLIIHUHQW FXUUHQW WKURXJK WKH PHPEUDQH 1R DSSUHFLDEOH FKDQJH LQ KHOLXP SDUWLDO SUHVVXUH LV
REVHUYHGGXULQJYROWDJHF\FOLQJLQGLFDWLQJWKDWWKHFRQGXFWLQJ*2PHPEUDQHVDUHLPSHUPHDEOH
WRKHOLXPDVUHSRUWHGEHIRUH7KLVDOVRFRQILUPVWKDWWKHPHPEUDQHVDUHQRWGDPDJHGE\WKH
DSSOLFDWLRQ RI HOHFWULF ILHOGV 6XSSOHPHQWDU\ )LJV E DQG F VKRZ WKDW P+2 GHFUHDVHV ZLWK
LQFUHDVLQJFXUUHQWWKURXJKWKHPHPEUDQHVXJJHVWLQJDGHFUHDVHRIZDWHUSHUPHDWLRQWKURXJKWKH
*2 PHPEUDQH ZLWK LQFUHDVLQJ FXUUHQW 7KLV LV FRQVLVWHQW ZLWK WKH JUDYLPHWULF PHDVXUHPHQWV
UHSRUWHG LQ WKH PDLQ WH[W $GGLWLRQDOO\ WKH ODFN RI DQ\ VLJQLILFDQW FKDQJH LQ + RU 2 SDUWLDO
SUHVVXUH DW WKH SHUPHDWH VLGH IXUWKHU LQGLFDWHV WKDW + DQG 2 DUH QRW UHOHDVHG GXULQJ YROWDJH
F\FOLQJUXOLQJRXWWKHSRVVLELOLW\RIHOHFWURO\VLVRIZDWHU6XSSOHPHQWDU\)LJEDOVRFRQILUPVWKH
UHYHUVLEOHFRQWURORIZDWHUSHUPHDWLRQE\HOHFWULFDOPHDQV

6XSSOHPHQWDU\ )LJ _ 0DVV VSHFWURPHWU\ IRU SURELQJ HOHFWULFDOO\ FRQWUROOHG ZDWHU
SHUPHDWLRQD6FKHPDWLFRIWKHH[SHULPHQWDOVHWXSIRUPDVVVSHFWURPHWU\06PHDVXUHPHQWV
$WKURWWOHYDOYH79FRQWUROVWKHJDVLQOHWZLWKDFDSDFLWDQFHJDXJH&*XVHGWRPHDVXUHWKH
XSVWUHDP SUHVVXUH $Q LVRODWLRQ YDOYH ,9 LVRODWHV XSVWUHDP DQG GRZQVWUHDP VLGHV RI WKH
PHPEUDQH$URWDU\SXPS53HYDFXDWHVWKHIHHGDVZHOODVWKHSHUPHDWHVLGHWRPEDU7KH
TXDGUXSROH PDVV VSHFWURPHWHU 406 PHDVXUHV WKH GRZQVWUHDP SDUWLDO SUHVVXUH $
WXUERPROHFXODUSXPS73EDFNHGE\DURWDU\SXPS53HYDFXDWHVWKHKLJKYDFXXPFKDPEHURI
WKHPDVVVSHFWURPHWHU$QDFWLYHLRQJDXJH,*PHDVXUHVWKHSUHVVXUHGRZQWRî7RUULQ
WKHKLJKYDFXXPVLGHE7KHSDUWLDOSUHVVXUHRI+H+2DQG+2DWWKHSHUPHDWHVLGHDVD
IXQFWLRQRIWLPHDWGLIIHUHQWFXUUHQWWKURXJKWKHPHPEUDQH1RGHWHFWDEOHFKDQJHLVREVHUYHGLQ
WKHSDUWLDOSUHVVXUHYDOXHVRI+H+DQG2XQGHUGLIIHUHQWFXUUHQWWKURXJKWKHPHPEUDQHF7KH
SDUWLDO SUHVVXUH RI +2 DV D IXQFWLRQ RI WKH FXUUHQW DFURVV WKH *2 PHPEUDQH DQG WKH
FRUUHVSRQGLQJI-VFKDUDFWHULVWLFVFRORUFRGHGD[LV7KHGRWWHGOLQHVDUHJXLGHWRWKHH\H

 &XUUHQWFRQWUROOHGSHUPHDWLRQ
7R XQGHUVWDQG WKH LQIOXHQFH RI ERWK YROWDJH DQG FXUUHQW ZH SHUIRUPHG HOHFWULFDOO\ FRQWUROOHG
ZDWHU SHUPHDWLRQ WKURXJK *2 PHPEUDQHV ZLWK GLIIHUHQW SHUPHDWLRQ DUHDV DQG WKLFNQHVVHV
6XSSOHPHQWDU\)LJDVKRZVUHVXOWVIRUSHUPHDWLRQWKURXJKPWKLFN*2PHPEUDQHVZLWK
GLIIHUHQWSHUPHDWLRQDUHDVDVDIXQFWLRQRIHOHFWULFFXUUHQW7KHFXUUHQWUHTXLUHGWRDFKLHYHVLPLODU
YDOXHVRISHUPHDWLRQUDWHZDVIRXQGWREHIRXUWLPHVVPDOOHUIRUDPHPEUDQHZLWKDQDUHDWKDWLV
IRXU WLPHV VPDOOHU 7KLV VXJJHVWV WKDW FXUUHQW GHQVLW\ FRQWUROV ZDWHU SHUPHDWLRQ WKURXJK WKH
PHPEUDQH 7KH LQIOXHQFH RI FXUUHQW RQ WKH SHUPHDWLRQ FDQ EH IXUWKHU VHHQ LQ WKH H[SHULPHQW
SHUIRUPHG RQ PHPEUDQHV ZLWK GLIIHUHQW WKLFNQHVVHV 6XSSOHPHQWDU\ )LJ E VKRZV WKH
QRUPDOL]HGZDWHUSHUPHDWLRQUDWHWKURXJKPDQGPWKLFN*2PHPEUDQHVDVDIXQFWLRQRI
FXUUHQW$VVHHQLQWKHILJXUHWKHUDWHRIGHFUHDVHRIZDWHUSHUPHDWLRQUDWHIRUERWKDQGP


VDPSOHVLVVLPLODUKRZHYHUWKHYROWDJHVUHTXLUHGWRPDLQWDLQWKHVDPHFXUUHQWDUHVLJQLILFDQWO\
GLIIHUHQW7KHGLUHFWFRUUHODWLRQEHWZHHQWKHFXUUHQWDQGWKHSHUPHDWLRQUDWHIXUWKHUFRQILUPVWKDW
ZDWHUSHUPHDWLRQLVPDLQO\FRQWUROOHGE\WKHFXUUHQWDQGQRWWKHYROWDJH

6XSSOHPHQWDU\)LJ_&XUUHQWFRQWUROOHGSHUPHDWLRQD3HUPHDWLRQUDWHDVDIXQFWLRQRIWKH
FXUUHQWWKURXJKWZRGLIIHUHQW*2PHPEUDQHVZLWKGLIIHUHQWDUHDVPPDQGPPDQGWKH
FRUUHVSRQGLQJIVFKDUDFWHULVWLFVFRORUFRGHGD[LVE1RUPDOL]HGZDWHUSHUPHDWLRQUDWHDVD
IXQFWLRQ RI WKH FXUUHQW WKURXJK *2 PHPEUDQHV ZLWK WZR GLIIHUHQW WKLFNQHVVHV DQG WKH
FRUUHVSRQGLQJ IV FKDUDFWHULVWLFV FRORUFRGHG D[LV 3HUPHDWLRQ UDWHV ZHUH QRUPDOL]HG ZLWK
UHVSHFWWR]HURDSSOLHGYROWDJHEHFDXVHWKHDEVROXWHZDWHUSHUPHDWLRQUDWHVRIȝPDQGȝP*2
PHPEUDQHVZHUHGLIIHUHQW

 -RXOHKHDWLQJHIIHFW

6XSSOHPHQWDU\)LJ_-RXOHKHDWLQJLQD*2PHPEUDQH0HDVXUHGPHPEUDQHWHPSHUDWXUHDV
DIXQFWLRQRIWKHFXUUHQWIORZLQJDFURVVWKHPHPEUDQH



7R SUREH HOHFWULFFXUUHQWLQGXFHG MRXOH KHDWLQJ ZH XVHG DQ LQIUDUHG WKHUPRPHWHU 1);
0DSOLQH,QFWRPRQLWRUWKHYDULDWLRQRIPHPEUDQHWHPSHUDWXUHDVDIXQFWLRQRIHOHFWULFFXUUHQW
DFURVVWKHPHPEUDQH6HYHUDOPHDVXUHPHQWVZHUHSHUIRUPHGDWPRUHWKDQGLIIHUHQWORFDWLRQV
WRREWDLQWKHDYHUDJHWHPSHUDWXUHIRUHDFKFXUUHQWZLWKWKHUHVXOWVVKRZQLQVXSSOHPHQWDU\)LJ
1RVLJQLILFDQWFKDQJHVLQWKHPHPEUDQHWHPSHUDWXUHZHUHIRXQG$WHPSHUDWXUHLQFUHDVHRI
RQO\§-?ZDVPHDVXUHGIRUDFXUUHQWRIP$ZKLFKHOLPLQDWHV MRXOHKHDWLQJHIIHFWVLQRXU
ZDWHUSHUPHDWLRQH[SHULPHQWV

 (OHFWULFILHOGGXHWRDFXUUHQWFDUU\LQJFRQGXFWRU
7RH[SODLQ WKHHOHFWULFDOO\FRQWUROOHGZDWHUSHUPHDWLRQ WKURXJK*2PHPEUDQHVZHSURSRVHD
VLPSOHPRGHO:HFRQVLGHUWKHFDVHRIDVLQJOHFRQGXFWLYHILODPHQWRIOHQJWKL DQGUDGLXVa a 
LFDUU\LQJDFRQVWDQWVWDWLRQDU\FXUUHQWRIILQDFORVHGFLUFXLWZLWKDQDSSOLHGSRWHQWLDORIV,WLV
NQRZQWKDWFXUUHQWFDUU\LQJFRQGXFWRUVSURGXFHDQHOHFWULFILHOGE(r,z)DVVRFLDWHGZLWKWKHHOHFWULF
SRWHQWLDO\(r,z) DURXQGWKHFRQGXFWRUGHSHQGLQJRQLWVGLPHQVLRQVDQGFRQGXFWLYLW\ı2QH
FDQHQYLVDJHWKDWWKLVSRWHQWLDO\(r,z) VXEVHTXHQWO\GHFD\VWR]HURDWDSRLQWDWGLVWDQFHbIDU
IURPWKHILODPHQW)RUDQ\SRLQWDWDGLVWDQFHrEHWZHHQaDQGb/DSODFH¶VHTXDWLRQLVYDOLG
 ׏\r,z          

7KHERXQGDU\FRQGLWLRQVIRUWKHDERYHVFHQDULRDUH\(r,z) = -Jz/V DQG \z E0 -J/VZKHQr 
 a DQG\(r,z)    ZKHQ r   b +HUH J LV WKH FXUUHQW GHQVLW\ WKURXJK WKH ILODPHQWV LV WKH
FRQGXFWLYLW\RIWKHZLUHDQGzYDULHVIURPWRLVXSSOHPHQWDU\)LJD

6ROYLQJ(TXQGHUWKHDERYHERXQGDU\FRQGLWLRQVLQF\OLQGULFDOFRRUGLQDWHVUI]ZHREWDLQ

\(r,z) H?H?ఙ H?O?H?ȀH?O?H?H?O?H?ȀH?O?          
  
7KHHOHFWULFILHOGDVVRFLDWHGZLWK\(r,z)LVFDOFXODWHGDV

E(r,z) O?డ\డH?ݎƸ ൅ డ\డH?ݖƸO? H?H?ఙH? H?H?H?O?H?ȀH?O?ݎƸ H?ఙ H?H?O?H?ȀH?O?H?H?O?H?ȀH?O?ݖƸ     

$WYHU\FORVHGLVWDQFHVIURPWKHILODPHQWWKHPDJQLWXGHRIWKHUDGLDOFRPSRQHQWRIHOHFWULFILHOG
LVKLJKHUWKDQWKDWRIWKH]FRPSRQHQW,QRXUH[SHULPHQWVaQ$IORZVWKURXJKDVLQJOHFRQGXFWLYH
ILODPHQWRIL PPIRUDQDSSOLHGSRWHQWLDORI9$OOWKHVHILODPHQWVDUHVXUURXQGHGE\WKH
GLHOHFWULF*2UHJLRQVDVFRQILUPHGIURPWKH5DPDQPDSSLQJDQG$)0H[SHULPHQWV+HQFHWKH
HOHFWULF SRWHQWLDO\(r,z) GHFD\V WR ]HUR DW VRPH DUELWUDU\ UDGLDO GLVWDQFH b IURP WKH ILODPHQW
&RQVLGHULQJb QPVLQFHWKHDYHUDJHVHSDUDWLRQEHWZHHQFRQGXFWLYHILODPHQWVLVaPPDV
GHWHUPLQHGE\WKH5DPDQPHDVXUHPHQWVDQGDVVXPLQJa  QPIURP3)781$LPDJLQJWKH
PDJQLWXGHRI WKHHOHFWULF ILHOGDQG LWV VSDWLDOGLVWULEXWLRQ LVSORWWHGDVD IXQFWLRQRIr DQGz LQ
VXSSOHPHQWDU\)LJE$VVHHQLQWKHILJXUHZHIRXQGWKDWWKHILHOGUHPDLQVKLJKFORVHWRWKH
ILODPHQWQPDQGLWGHFD\VVOLJKWO\E\aWLPHVIURPWKHWRSSRVLWLYHHOHFWURGHî
9PWRDSRLQWDWGLVWDQFHRIQPDERYHWKHERWWRPHOHFWURGHî9P,WLVQRWHZRUWK\
WKDWWKHILHOGDURXQGWKHILODPHQWSHUVLVWVHYHQXSWRDUDGLXVRIQPZLWKDPDJQLWXGHYDU\LQJ
IURPî9PWRî9PGHSHQGLQJRQWKHGLVWDQFHIURPWKHWRSSRVLWLYHHOHFWURGH
:HKDYHDOVRIRXQGWKDWIRUWKHVDPHQ$FXUUHQWWKHSXUHO\UDGLDOFRPSRQHQWRIE GHFUHDVHVE\


aWLPHVDVWKHUDGLXVRIWKHILODPHQWLVLQFUHDVHGIURPQPWRQP,QVXPPDU\WKHFXUUHQW
FDUU\LQJILODPHQWVLQ*2PHPEUDQHVSURGXFHDUDGLDOHOHFWULFILHOGWKDWLVVXIILFLHQWO\VWURQJWR
GLVVRFLDWHZDWHUPROHFXOHVLQWRK\GUR[LGH2+íDQGK\GURQLXP+2LRQV,PSRUWDQWO\DOORI
WKHDERYHHVWLPDWLRQVDUHEDVHGRQDVLPSOHPRGHORIVLQJOHVWUDLJKWFRQGXFWLQJZLUH]HURRUGHU
DSSUR[LPDWLRQ +RZHYHU WKH FRPSOLFDWHG VWUXFWXUH RI FRQGXFWLQJ ILODPHQWV DV VKRZQ LQ
VXSSOHPHQWDU\)LJFRXOGSURGXFHHYHQKLJKHUHOHFWULFILHOGVGXHWRWKHFORVHDUUDQJHPHQWRI
LQGLYLGXDOILODPHQWVHVSHFLDOO\QHDUWKHSRVLWLYHHOHFWURGH

6XSSOHPHQWDU\)LJ_(OHFWULF ILHOGDURXQGDFXUUHQWFDUU\LQJFRQGXFWRU D6FKHPDWLF
VKRZLQJWKHDSSOLFDWLRQRIDYROWDJHV DFURVVDQHOHFWULFDOO\FRQGXFWLQJZLUHZLWKUDGLXVaDQG
OHQJWKLbLVDSRLQWDWZKLFKWKHSRWHQWLDOGHFD\VWR]HURrUHSUHVHQWVDQ\SRLQWEHWZHHQaDQGb 
ZKHUHWKHHOHFWULFILHOGELVFDOFXODWHGE0DJQLWXGHRIEDQGLWVVSDWLDOGLVWULEXWLRQDVDIXQFWLRQ
RIrDQGzDURXQGDFRQGXFWLYHILODPHQWZLWK9SRWHQWLDOGLIIHUHQFHDFURVVWKHHQGVDQGZLWK
Q$FXUUHQWIORZ
 
 (OHFWULFILHOGLQGXFHGGLVVRFLDWLRQRIZDWHUDQGLWVLQIOXHQFHRQZDWHUSHUPHDWLRQ
5DQGRP IOXFWXDWLRQV LQ PROHFXODU PRWLRQ DUH NQRZQ WR RFFDVLRQDOO\ SURGXFH DQ HOHFWULF ILHOG
VWURQJHQRXJKWRGLVVRFLDWHZDWHUNQRZQDVDXWRLRQL]DWLRQLQWRK\GUR[LGH2+íDQGK\GURQLXP
+2 LRQV ,RQV SURGXFHG LQ WKLV PDQQHU UHFRPELQH YHU\ TXLFNO\ EHFDXVH PROHFXODU
IOXFWXDWLRQVYDQLVKZLWKLQWHQVRISLFRVHFRQGV,WLVDOVRNQRZQWKDWDKLJKH[WHUQDOHOHFWULFILHOG
LV VXIILFLHQW WR GLVVRFLDWH ZDWHU (OHFWULFILHOGHQKDQFHG GLVVRFLDWLRQ RI ZDWHU ZLWKRXW
SURGXFLQJ2DQG+JDVKDVEHHQREVHUYHGSUHYLRXVO\ZKHQDQHOHFWULFFXUUHQWLVGULYHQWKURXJK
ELSRODUPHPEUDQHV%DVHGRQWKLVZHSURSRVHWKDWWKHVWURQJHOHFWULFILHOGQHDUWRWKHFRQGXFWLQJ
ILODPHQWVLQWKH*2PHPEUDQHGLVVRFLDWHVZDWHULQWKHLQWHUOD\HUFKDQQHOVRIWKHPHPEUDQHVLQWR
2+DQG+2LRQVDFFRUGLQJWRHT
O? ൅ ൅ 	 ?O?H? ֐ H?Ǥ O?H?O?൅ H?H?Ǥ O?H?O?    
%\LQFUHDVLQJWKHHOHFWULFFXUUHQWLQWKHFRQGXFWLQJILODPHQWVWKHHOHFWULFILHOGHTLQFUHDVHV
DQGKHQFHWKHZDWHUGLVVRFLDWLRQUDWHLQFUHDVHV2QFHWKHHOHFWULFFXUUHQWLVVZLWFKHGRIIWKHILHOG
YDQLVKHVDQGKHQFHWKHUHDFWLRQWRZDUGVWKHOHIWVLGHLQHTEHFRPHVPRUHIDYRUDEOH



7KHUDWHRIUHDFWLRQIRUWKHLRQL]DWLRQLQHTGHSHQGVRQWKHDFWLYDWLRQHQHUJ\,QEXONZDWHUWKH
DFWLYDWLRQ HQHUJ\ RULJLQDWHV IURP WKH DERYH PHQWLRQHG UDQGRP IOXFWXDWLRQV LQ WKH PROHFXODU
PRWLRQV ZKLFK FDXVHV DQ HOHFWULF ILHOG VWURQJ HQRXJK WR EUHDN DQ R[\JHQ±K\GURJHQ ERQG
UHVXOWLQJLQK\GUR[LGH2+íDQGDK\GURQLXPLRQ+2+RZHYHULWLVNQRZQWKDWWKHHIIHFWLYH
DFWLYDWLRQHQHUJ\GHFUHDVHVLQWKHSUHVHQFHRIDQHOHFWULFILHOGGXHWRWKHLQGXFHGORFDOGLSROHV
LQWKHV\VWHPVXSSRUWLQJWKHSURSRVHGPRGHO

7R XQGHUVWDQG WKH LQIOXHQFH RI GLVVRFLDWLRQ RI ZDWHU RQ WKH ZDWHU IORZ WKURXJK WKH JUDSKHQH
FDSLOODULHVLQWKH*2PHPEUDQHVZHSHUIRUPHGQRQHTXLOLEULXPPROHFXODUG\QDPLFVLPXODWLRQV
0' VLPXODWLRQV %\ XVLQJ WKH ODUJH VFDOH DWRPLFPROHFXODU PDVVLYHO\ SDUDOOHO VLPXODWRU
/$0036ZHLQYHVWLJDWHGWKHG\QDPLFDOSURSHUWLHVLHIORZUDWHRIDPL[WXUHRIK\GURQLXP
K\GUR[LGHDQGZDWHU LQVLGHDJUDSKHQHFDSLOODU\E\XVLQJDSUHYLRXVO\HPSOR\HGPRGHO VHH
VXSSOHPHQWDU\)LJD

)RUWKH0'VLPXODWLRQVWKHULJLGPRGHOZDVXVHGIRUK\GURQLXP+2DQGK\GUR[LGH2+DV
SUHVHQWHGLQSUHYLRXVVWXGLHV7KHJUDSKHQHOD\HUVZHUHNHSWIL[HGDQGWKH63&(PRGHOZDV
HPSOR\HGWRGHVFULEHWKHZDWHUPROHFXOHV7KHFDUERQDQGR[\JHQDWRPVLQWHUDFWYLD/HQQDUG
-RQHV/-SDLUSRWHQWLDOVıC NFDOPROİC cıH3O+ NFDOPROİH3O+ 
 cıOH NFDOPRODQGİOH-  cDQGFURVV/-SRWHQWLDOSDUDPHWHUVZHUH
REWDLQHGE\ WKH/RUHQW]%HUWKHORWFRPELQLQJUXOHV7KHFXWRII UDGLXV IRU WKH/-SRWHQWLDOZDV
FKRVHQ DW  c 7KH 197 HQVHPEOH 1RV¶H+RRYHU WKHUPRVWDW ZDV XVHG WR FRQWURO WKH
WHPSHUDWXUH IRU ERWK QRQULJLG DQG ULJLG PROHFXOHV DW URRP WHPSHUDWXUH $ SDUWLFOHSDUWLFOH
SDUWLFOHPHVK SSSPZDVXVHG WRFRPSXWH WKH ORQJUDQJH&RXORPE LQWHUDFWLRQZLWKDGHVLUHG
UHODWLYHHUURU LQWKHIRUFHVIRUORQJUDQJH&RXORPELQWHUDFWLRQVVROYHUVRI ,QDOOFDVHV WKH
WLPHVWHSZDVFKRVHQDVIV7RYDOLGDWHWKHIRUFHILHOGVXVHGZHKDYHFDOFXODWHGWKHGLIIXVLRQ
FRHIILFLHQWRIEXONZDWHUDQGIRXQGWKDWLWLVLQJRRGDJUHHPHQWZLWKSUHYLRXVH[SHULPHQWDOUHVXOWV
LHD0 îFPV

6XSSOHPHQWDU\)LJ_0ROHFXODUG\QDPLFVLPXODWLRQVD6LGHYLHZRIRXU0'VLPXODWLRQ
VHWXSXVHGWRVWXG\WKHIORZRIZDWHUPL[HGZLWKK\GURQLXPDQGK\GUR[LGHLRQVLQWKHJUDSKHQH
FDSLOODU\ 7KH PRGHO FRQWDLQV WZR ER[HV ZKLFK DUH FRQQHFWHGE\DJUDSKHQH FDSLOODU\ $W WKH
EHJLQQLQJRIWKHVLPXODWLRQZDWHUZDVPL[HGZLWKK\GURQLXPDQGK\GUR[LGHUHGDQGZKLWHGRWV
LRQV%\PRYLQJWKHOHIWZDOOVXEMHFWHGWRH[WHUQDOSUHVVXUHRIWKHER[WRZDUGVWKHFDSLOODU\WKH
ZDWHUIORZLVFUHDWHGDQGWKHULJKWER[LVJUDGXDOO\ILOOHG7KHDUURZLQGLFDWHVWKHGLUHFWLRQRIWKH
DSSOLHGH[WHUQDOSUHVVXUHRQWKHOHIWZDOORIWKHER[E1XPEHURIZDWHUPROHFXOHVLQWKHFDSLOODU\
DQGFQXPEHURIZDWHUPROHFXOHVLQWKHULJKWER[IRUSXUHZDWHUDQGZDWHUZLWKLRQVRQFHSUHVVXUH
LVDSSOLHGWRWKHOHIWER[



6XSSOHPHQWDU\ )LJ D VKRZV WKH VLPXODWLRQ ER[ ZKLFK FRQWDLQV WZR FRPSDUWPHQWV WKDW DUH
FRQQHFWHGE\DJUDSKHQHFDSLOODU\RIKHLJKWc3HULRGLFERXQGDU\FRQGLWLRQVZHUHDSSOLHGDORQJ
WKH]GLUHFWLRQ LQ WKHER[HVDQGDORQJ WKH\GLUHFWLRQ LQ WKHFDSLOODU\7KHVLPXODWLRQXQLWFHOO
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